There is a clear need to develop non-invasive markers of substantia nigra progression in Parkinson's disease. We previously found elevated free-water levels in the substantia nigra for patients with Parkinson's disease compared with controls in single-site and multi-site cohorts. Here, we test the hypotheses that free-water levels in the substantia nigra of Parkinson's disease increase following 1 year of progression, and that baseline free-water levels in the substantia nigra predict the change in bradykinesia following 1 year. We conducted a longitudinal study in controls (n = 19) and patients with Parkinson's disease (n = 25). Diffusion imaging and clinical data were collected at baseline and after 1 year. Free-water analyses were performed on diffusion imaging data using blinded, hand-drawn regions of interest in the posterior substantia nigra. A group effect indicated free-water values were increased in the posterior substantia nigra of patients with Parkinson's disease compared with controls (P = 0.003) and we observed a significant group Â time interaction (P 5 0.05). Free-water values increased for the Parkinson's disease group after 1 year (P = 0.006), whereas control free-water values did not change. Baseline free-water values predicted the 1 year change in bradykinesia scores (r = 0.74, P 5 0.001) and 1 year change in Montreal Cognitive Assessment scores (r = À 0.44, P = 0.03). Freewater in the posterior substantia nigra is elevated in Parkinson's disease, increases with progression of Parkinson's disease, and predicts subsequent changes in bradykinesia and cognitive status over 1 year. These findings demonstrate that free-water provides a potential non-invasive progression marker of the substantia nigra.
Introduction
Parkinson's disease is a progressive neurodegenerative disease that is characterized by the loss of dopaminergic cells in the substantia nigra. Neuronal degeneration of the substantia nigra is greatest around the ventrolateral tier (Fearnley and Lees, 1991; Kordower et al., 2013) and progresses to the dorsomedial tier (Damier et al., 1999) . Several studies using diffusion MRI revealed changes in specific subregions of the substantia nigra in patients with Parkinson's disease when compared with healthy control subjects (Vaillancourt et al., 2009; Péran et al., 2010; Du et al., 2011; Prodoehl et al., 2013) . These studies demonstrated an increase in the magnitude and a reduction in the directional dependence of water diffusion processes in the substantia nigra. Recently, a novel diffusion MRI analysis technique using a bi-tensor model was introduced allowing the estimation for the fractional volume of free-water within a voxel (Pasternak et al., 2009) . Free-water is water molecules that do not experience a directional dependence or other restrictions by the cellular environment (Pasternak et al., 2009; Metzler-Baddeley et al., 2012) . As the diffusion time of most conventional diffusion MRI sequences are $40 ms, free-water estimates spaces larger than a few tens of micrometres and likely represents the extracellular space (Wang et al., 2011b; Pasternak et al., 2012) . Our group recently investigated whether the bi-tensor model detects changes in the substantia nigra using baseline data from large cohorts of patients with Parkinson's disease and control subjects at a single site and across a multi-site study. We found that free-water was elevated for Parkinson's disease compared with control subjects in the same posterior region of the substantia nigra in both the single-site and multi-site cohorts (Ofori et al., 2015) .
Despite the clear evidence for cross-sectional Parkinson's disease-related changes in the substantia nigra using diffusion MRI, few longitudinal studies exist (Rossi et al., 2014) , and none have examined how free-water measures in the substantia nigra change with Parkinson's disease progression. Here, we chose to study progression following 1 year because this is a desirable time-frame for most disease modifying clinical trials in Parkinson's disease. We examined two hypotheses. First, we tested the hypothesis that the posterior substantia nigra free-water levels in Parkinson's disease increase following 1 year, with no changes in a control group. Second, we tested the hypothesis that the baseline posterior substantia nigra free-water levels predict the subsequent 1 year change in bradykinesia. If confirmed, these findings would provide the first study to demonstrate that free-water analysis of diffusion imaging within the substantia nigra could be used to monitor progression of Parkinson's disease after 1 year, and predict subsequent changes in bradykinesia.
Materials and methods

Subjects
Forty-four subjects participated between 2011 and 2014 in the current study. Data from 19 healthy individuals and 25 patients with Parkinson's disease were collected over two visits separated by $1 year [controls (mean AE standard deviation, SD), 13.3 months AE 1.7; Parkinson's disease, 13.6 months AE 1.4] ( Table 1) . Patients with Parkinson's disease were diagnosed by movement disorders specialists based on the UK Parkinson's Disease Society Brain Bank criteria (Hughes et al., 2001) . Patients with Parkinson's disease were referred from the University of Florida Centre for Movement Disorders and Neurorestoration, whereas control subjects were recruited from the local and surrounding communities in North Central Florida. All patients with Parkinson's disease were early stage patients with Hoehn-Yahr scores of either 1 or 2. Control subjects reported no history of neurological or psychiatric disease. Patients with Parkinson's disease were tested at $11:00 am after an overnight withdrawal from The total score from the motor section of the MDS-UPDRS III was broken down into subscales for bradykinesia, rigidity, tremor, and axial function/balance/gait according to previous studies (Prodoehl et al., 2010; Goetz et al., 2012) . In addition, we administered the Beck Depression Inventory (Beck et al., 1961) to all participants at both time points.
Diffusion MRI acquisition
Diffusion-weighted images were acquired on a 3 T Philips Medical Systems MRI scanner (Achieva) using a 32-channel head coil at the McKnight Brain Institute. The Philips 3 T used in the current study met routine quality assurance. Also, previous work demonstrates reproducible substantia nigra freewater elevation in Parkinson's disease across single-and multisite studies suggesting that increased free-water can be detected in Parkinson's disease despite inherent differences across sites. Whole brain diffusion imaging data were acquired using a single-shot spin echo EPI sequence, and the sequence consisted of the following parameters: repetition time = 7748 ms, echo time = 86 ms, flip angle = 90 , diffusion gradient (monopolar) directions = 64, diffusion gradient timing DELTA/delta = 42.4/ 10 ms, b-values: 0, 1000 s/mm 2 , fat suppression using SPIR, field of view = 224 Â 224 mm, in-plane resolution = 2 mm isotropic, number of transverse interleaved slices = 60, zero gap, slice thickness = 2 mm, SENSE factor = 2, and total acquisition time = 10 min 51 s.
Longitudinal free-water mapping analysis Figure 1A depicts the general processing pipeline. Data preprocessing was performed with the FMRIB Software Library (FSL; Oxford, UK) and custom UNIX shell scripts. Each diffusion scan was corrected for distortions due to eddy currents and head motion using affine transformations. Motion was extracted from the affine motion and eddy current correction, and quantified by the root mean square deviation averaged over 64 volumes. The root mean square deviation is the average difference between the centre of volume of the b0 and each diffusion volume in millimetres. There were no baseline (P = 0.88) or Year 1 differences (P = 0.58) in motion between groups. The gradient directions were then rotated in response to the eddy current corrections, and non-brain tissue was removed from the diffusion volumes.
Free-water maps and free-water corrected diffusion tensor maps were calculated from the motion and eddy current corrected volumes using a custom written MATLAB R2013a (The Mathworks) code (Pasternak et al., 2009 . This code implemented a minimization procedure that fits a bitensor model, which quantifies the fractional volume of freewater in each voxel (free-water maps). The bi-tensor model predicts the signal attenuation in the presence of free-water contamination. It is the sum of attenuations contributed by two compartments: one that models free water, and a second tissue compartment that models water molecules in the vicinity of tissue membranes. The free-water maps are the fractional volume of the free-water compartment. The tissue compartment follows DTI's formalism (Basser and Pierpaoli, 1996) , where the attenuation is parameterized by a diffusion tensor, yielding corrected DTI measures, such as fractional anisotropy (FA) of the tissue compartment (FA T ) and mean diffusivity (MD) of the tissue compartment (MD T ). Finding the freewater parameter and the corrected diffusion tensor that best fit the acquired signal is non-trivial and is described in detail in previous work (Pasternak et al., 2009) .
To obtain standardized space representation of diffusion images with consistent region of interest sizes across subjects for both visits, the free-water maps were warped using the deformation obtained from the registration of the individual's b-zero maps to a standardized T 2 image (Fonov et al., 2011) in MNI space (2 Â 2 Â 2 mm). The linear registration was performed by an affine transformation with 12 degrees of freedom and tri-linear interpolation using FLIRT (http://fsl.fmrib. ox.ac.uk/fsl/fslwiki/FLIRT). The transformations were subsequently applied to the free-water, FA T and MD T maps. Regions of interest in the substantia nigra
Regions of interest were manually placed on the b0 image in MNI space separately for each visit and each subject. Regions of interest were hand-drawn by two trained raters, blinded to the freewater map and blinded to the group category and visit. After setting the regions of interest, free-water, FA T , and MD T were quantified within each region of interest in MNI space. Figure 1B shows a zoomed-in axial slice of the free-water image with the corresponding regions of interest for the substantia nigra, which was drawn based on previous work (Vaillancourt et al., 2012) . Each region of interest included 10 voxels that spanned two axial slices on each image. The dorsal slice contained a rectangular region of interest of six voxels (2 Â 3) and the ventral region of interest consisted of a square region of interest of four voxels (2 Â 2). Regions of interest were drawn on the left and right anterior and posterior regions of the substantia nigra. The posterior regions were mostly drawn in voxels lateral to the anterior regions of interest. Across subjects, the average centre of mass (COM) coordinates for the posterior substantia nigra were x = À 10.5, y = 20.8 and z = À 12.8 for the right substantia nigra region of interest and x = 10.4, y = 20.6, z = À12.8 for the left substantia nigra region of interest. The average centre of mass coordinates for the anterior substantia nigra were x = À9.0, y = 15.5 and z = À 12.8 for the right substantia nigra region of interest and x = 8.9, y = 15.3, z = À 12.8 for the left substantia nigra region of interest.
Control regions of interest
Control regions of interest were manually drawn on the b0 images in MNI space for each visit and each subject for the subthalamic nucleus and the lateral ventricles of each individual. The subthalamic nucleus was identified based on the Basal Ganglia Human Area Template (BGHAT) (Prodoehl et al., 2008) . The subthalamic nucleus was drawn bilaterally and comprised of 18 voxels. Across subjects, the average centre of mass coordinates were x = À 12.2, y = 13.6 and z = À 6.5 for the right subthalamic nucleus region of interest and x = 11.8, y = 13.7, z = À 6.5 for the left subthalamic nucleus region of interest. The lateral ventricle region of interest was drawn medial to the caudate nuclei along the septum and inferior to the corpus callosum. This area was chosen as a high fluid-filled control region that displays a substantial amount of hyperintensity on the free-water maps. The region of interest was drawn bilaterally around the longitudinal fissure and comprised of 30 voxels. Across subjects, the average centre of mass coordinates were x = 0, y = À 14.3 and z = 4.
T 1 MRI acquisition
To determine if changes in grey matter and white matter volumes occurred over time, we used a 3D fast gradient echo T 1 -weighted sequence with the following parameters: repetition time = 8.2 ms, echo time = 3.7 ms, flip angle = 8 , field of view = 240 mm 2 , acquisition matrix = 240 Â 240, voxel size = 1 mm isotropic (n = 170, transverse), SENSE factor = 1.5, and total acquisition time = 7 min and 56 s. 
Longitudinal voxel-based morphometry analysis
Data processing was performed using the VBM 8 toolbox (http://dbm.neuro.uni-jena.de/vbm/), incorporated in the SPM 8 software (htttp://www.fil.ion.ucl.ac.uk/spm/). The longitudinal preprocessing approach included the following steps: (i) T 1 -weighted scans were coregistered to the white matter template supplied with SPM 8; (ii) registration of the scan from the second visit to the scan from the first visit for each patient separately; (iii) intra-subject bias corrections for signal inhomogeneities were performed; (iv) each scan was partitioned into grey matter, white matter and CSF; (v) a linear followed by a non-linear registration to the DARTEL template was performed; (vi) to correct for the local expansion or contraction inherent to the normalization process, grey matter and white matter images were non-linearly modulated using the Jacobian of the warp field, a step which also accounts for differences in brain size; and (vii) modulated normalized grey matter and white matter scans were smoothed with an 8-mm full-width at half-maximum Gaussian kernel.
Statistical analysis
Demographic and clinical data between groups were subjected to either repeated measures ANOVA or chi-square tests.
The mean values of the anterior and posterior substantia nigra and control regions of interest were calculated bilaterally for each dependent measure (free-water, FA T, MD T ). The distributions of the dependent variables were tested using Shapiro-Wilk test for normality to verify that the sample mean is an appropriate measure. A repeated measures ANCOVA with sex as a covariate and time as a within-subject factor was conducted to detect group and time differences between patients with Parkinson's disease and healthy control subjects. Paired t-tests were used post hoc to examine any interaction effects. Inter-rater reliability of manual region of interest delineation was examined using intraclass correlation coefficients (ICC) between the two raters.
To assess whether the baseline free-water can aid in the prediction of change in clinical symptom assessment over 1 year, we used a forward selection linear regression model with baseline free-water and sex as independent variables for each dependent measure found to change significantly over 1 year (i.e. MDS-UPDRS III scores and bradykinesia sub-scores). Changes across time were calculated as 1 year values minus baseline values. We also used MoCA as a dependent measure as we have previously found that MoCA scores correlate with freewater values using cross-sectional data (Ofori et al., 2015) . To check for internal validity, we applied a 95% confidence interval (CI) bootstrapping procedure of 2000 samples with a biascorrected CI type. All statistical analyses were performed with IBM SPSS Statistics 22 (SPSS, Inc, Chicago, IL). The significance threshold for all analyses was 0.05. P-values were corrected using the Benjamini-Hochberg false discovery rate (FDR) method for multiple comparisons (Benjamini and Hochberg, 1995) . FDR corrected P-values are reported for all substantia nigra diffusion dependent measures.
A voxel-wise paired t-test was performed on the voxel-based morphometry analysis to examine differences between the baseline and 1 year visits. To reduce the risk of type 1 errors in the voxel-based morphometry analysis, P-values were corrected using the familywise error rate (FWE) method for multiple comparisons. Exploratory uncorrected P-values were also examined. Table 1 shows the demographic and clinical characteristics of healthy controls and patients with Parkinson's disease at baseline and 1 year. There were no group differences in age and hand dominance, and sex approached significance. The Parkinson's disease group had higher MDS-UPDRS III total and sub-scores (P 5 0.001), higher Beck Depression Inventory (P = 0.012), and lower MoCA (P = 0.023) scores when compared with healthy controls. A time effect (P = 0.007) was found for the MDS-UPDRS III and a group Â time interaction (P = 0.05) was found for the bradykinesia subscore. The interaction resulted in a greater change in bradykinesia for Parkinson's disease (mean = 3.4, P = 0.001) than in controls (mean = 1.2, P = 0.015). There were no other significant changes in any other clinical or demographic data over time (Table 1) . Figure 2 illustrates the group, time, and group Â time interaction of mean free-water in the posterior substantia nigra for Parkinson's disease and healthy controls. The group effect resulted in greater mean free-water for Parkinson's disease compared with controls (P = 0.003). The grouptime interaction (P 5 0.05) identified an increased mean free-water for Parkinson's disease over time (P = 0.006), whereas there were no significant differences between baseline and 1 year values for controls (P = 0.483). There were no significant effects for MD T and FA T across group, time, or group Â time interactions (P 4 0.05) ( Table 3) .
Results
Demographic and clinical information
Substantia nigra regions of interest Posterior regions of interest
Anterior region of interest
There were no significant differences in group, time, or group Â time interactions for free-water in the anterior substantia nigra for Parkinson's disease and healthy controls (P 4 0.05). There was a time effect (P 5 0.05) for FA T in the anterior substantia nigra, identifying an increase in FA T over 1 year across groups. There were no group effects or group Â time interactions for FA T in the anterior substantia nigra (P 4 0.05). There were no effects of group, time, or group Â time interaction for MD T in the anterior substantia nigra of Parkinson's disease and healthy controls (Table 3) .
Inter-rater reliability
The ICC was high for all of the substantia nigra regions of interest. We found an ICC of 0.92 for the left anterior substantia nigra region of interest, 0.90 for the right anterior substantia nigra region of interest, 0.89 for the left posterior region of interest, and 0.86 for the right posterior substantia nigra region of interest. We performed paired t-tests between mean free-water values in each region of interest drawn by the two raters, which did not identify any significant differences between raters (P 4 0.40).
Control regions of interest
There were no significant group, time, or interaction effects for the lateral ventricle region of interest and subthalamic nucleus free-water, FA T , and MD T values (P's 4 0.05).
Free-water at baseline predicts the 1-year change in clinical bradykinesia Figure 3A shows the linear relation between baseline freewater values of the posterior substantia nigra, sex, and actual change in bradykinesia over 1 year. The linear regression model indicated that baseline free-water values (B 1 = 73.38, P 5 0.001) and sex (B 2 = À 6.7, P 5 0.001) significantly predicted the change in bradykinesia of Parkinson's disease (r = 0.74, P 5 0.001; n = 25) (Fig. 3B) . The bootstrap estimates and confidence intervals for baseline free-water values (B 1 = 73.38, P = 0.001; CI = 50.73 to 123.26; bias = 3.04) and sex (B 2 = À 6.7, P = 0.001; CI = À8.97 to À 4.63; bias = À0.04) were significant for the prediction of change in bradykinesia. The model for controls was not significant (r = 0.30, P = 0.47; n = 19). Figure 3C and D show that the baseline free-water values significantly predict the change in MoCA (r = À0.44, P 5 0.03; n = 25) for Parkinson's disease. The bootstrap estimates and CI's for baseline free-water values (B 3 = À28.9, P = 0.04; CI = À59.0 to À7.2; bias = À 1.82) were significant for the prediction of MoCA. This was not found for controls (r = 0.22, P = 0.67; n = 19).
Longitudinal voxel-based morphometry
There were no significant differences in total grey matter and total white matter volumes between Parkinson's disease and controls at baseline, or between baseline and 1 year follow-up in either Parkinson's disease or controls. Relaxing the P-value to uncorrected P 5 0.05 did not reveal any changes in the substantia nigra.
Discussion
Non-invasive diffusion MRI markers of substantia nigra integrity have aided in characterizing Parkinson's disease within substantia nigra microstructure. Previous studies in Parkinson's disease have demonstrated that diffusion MRI is sensitive to substantia nigra changes even in the de novo Parkinson's disease stage, suggesting that these observations are not secondary to drug effects (Vaillancourt et al., 2009; Ofori et al., 2015) . The current longitudinal study provides novel evidence that: (i) diffusion MRI of the substantia nigra is capable of detecting progression after 1 year; and (ii) baseline free-water levels predict the subsequent increase in bradykinesia the following year. Brain cells change their shape during osmotic challenges (i.e. relative water accumulation) imposed by the extracellular space (Chen and Nicholson, 2000) . Recent work using 7 T MRI and 3D shape analysis demonstrated increased irregularity in the dorsomedial and caudal boundaries of the substantia nigra in patients with Parkinson's disease when compared with control subjects (Kwon et al., 2012) . Kwon and colleagues (2012) inferred changes in the relative structural shape of the substantia nigra with iron accumulation. These proposed cellular alterations would change substantia nigra cellularity and in turn increase the fluid content in the local area. Consistent with this hypothesis, our findings demonstrated high free-water levels within the posterior substantia nigra in Parkinson's disease, levels that further increased following 1 year of progression in the same cohort. Posterior substantia nigra free-water levels did not change over 1 year in the control group, suggesting that elevation in free-water levels was specific to Parkinson's disease. It is, however, possible that age-effects would be detected over a longer time-scale (Sexton et al., 2014) . Dopaminergic cell loss of the substantia nigra in patients with Parkinson's disease has been shown to be greatest in the ventrolaterior tier of the substantia nigra pars compacta (SNc) and progress to other areas of the substantia nigra (Fearnley and Lees, 1991; Kordower et al., 2013) . Recently, a pathological study attributed increased dopaminergic dysfunction of the SNc with disease duration (Kordower et al., 2013) . The authors demonstrated that the number of tyrosine-hydroxylase-immunoreactivity cells decreased even in a patient with 1 year of disease duration and remained decreased across different disease durations (Kordower et al., 2013) . The spatial pattern of the current findings that indicated an increase in free-water over 1 year might possibly be related to the degeneration of dopaminergic cells in Parkinson's disease over time, given that previous studies have found a link between the number of dopaminergic cells and diffusion measurements in a parkinsonian mouse model (Boska et al., 2007) .
Another important feature is the breakdown in dopamine active transporter (DAT) function, which is well documented in Parkinson's disease (Marek et al., 2001; Jennings et al., 2004) . We previously found an inverse relation between DAT-SPECT from the putamen and the free-water levels in the substantia nigra (Ofori et al., 2015) , suggesting that impaired DAT function may be related to increased free-water in the substantia nigra. The current findings support the interpretation that posterior substantia nigra freewater values provide a marker for the relative state of the substantia nigra. It should be noted that motor symptom deficits have been shown to occur in Parkinson's disease when $50% of the region is depleted. Our results demonstrating an increase of free-water over time in Parkinson's disease could inversely relate to the functional status of surviving dopaminergic nerve terminals. This could explain the correlation between baseline free-water values and longitudinal change in bradykinesia scores. Further work is needed on the relationship between DAT binding values, dopaminergic cells, and free-water values of the nigrostriatal system.
Although previous studies have reported reduced fractional anisotropy in the substantia nigra (Vaillancourt et al., 2009; Péran et al., 2010; Du et al., 2011) , other studies have not found this result (Schwarz et al., 2013; Ziegler et al., 2014) . One reason for this discrepancy in the literature is that free-water contamination can lead to reduced fractional anisotropy values (Metzler-Baddeley et al., 2012) . It has also been reported that fractional anisotropy values may increase when using diffusion kurtosis imaging (Wang et al., 2011a) . Due to the inconsistent fractional anisotropy findings across previous studies, a recent meta-analysis (Schwarz et al., 2013) indicates that fractional anisotropy may not differ in Parkinson's disease compared with controls. Our current data support the suggestion that FA T does not differ between Parkinson's disease and controls. As the bi-tensor model is able to disentangle free-water contamination leading to decreased fractional anisotropy from tissue changes that may lead to increased fractional anisotropy, the current study suggests that using free-water correction could be particularly helpful in detecting changes in the substantia nigra of Parkinson's disease. Evidence of the importance of quantifying free-water using the bi-tensor model rather than the classic diffusion tensor imaging model was provided by Ofori and colleagues (2015) , which showed that freewater was elevated in the same posterior substantia nigra region in single site at an academic centre and multi-site cohorts from the Parkinson's Progression Marker Initiative. In this prior study, FA T was not different between groups in either cohort, further emphasizing the need for more advanced analysis methods beyond the classic diffusion tensor imaging model.
Although free-water corrected fractional anisotropy did not differ between patients with Parkinson's disease and healthy controls in the current study, free-water corrected fractional anisotropy in the anterior substantia nigra was found to increase over 1 year. Previous studies have examined longitudinal effects on diffusion metrics of healthy controls and found that fractional anisotropy changes may be attributed to gliosis/glial cell swelling or local fibre activity (Madden et al., 2012) , and this may be due to altered shape of the extracellular space (Mandl et al., 2008; Pasternak et al., 2009) . Gliosis has also been suggested to be a compensatory mechanism for deficits in dopamine function in Parkinson's disease (SanchezGuajardo et al., 2013) . Further work is needed on the relationship between the role of gliosis in the substantia nigra, free-water and its role on dopamine function in Parkinson's disease. The increase over a year in control subjects and patients with Parkinson's disease could be due to age-related effects that naturally occur in the substantia nigra over time (Fearnley and Lees, 1991) . Previous work from our laboratory has shown altered fractional anisotropy values in anterior but not posterior substantia nigra regions of interest in a cross-sectional study on healthy ageing (Vaillancourt et al., 2012) . Although the causal mechanism for the increase in fractional anisotropy is hard to discern from the current data, it is interesting to note that the controls and patients with Parkinson's disease MDS-UPDRS-III scores increased over a year.
There is an increasing need for non-invasive Parkinson's disease markers that can detect progressing changes in the substantia nigra. Cross-sectional analysis of the R 2Ã technique has found a relationship between R 2Ã values in the substantia nigra and disease severity, as measured by the UDPRS (Martin et al., 2008) . Longitudinal studies using R 2Ã imaging have shown a positive association between the change of signal values in the substantia nigra for Parkinson's disease and change in disease severity over 3 years (Ulla et al., 2013) . Ulla and colleagues (2013) noted that a large amount of R 2Ã was non-iron dependent and sensitive to the neurodegenerative processes that altered the water content. The current paper extends this previous work by showing that baseline free-water values from diffusion MRI predicted subsequent changes in bradykinesia and MoCA in patients with Parkinson's disease over 1 year of follow-up. Future studies will likely establish if R 2Ã imaging of the substantia nigra reflects changes after 1 year of disease progression. Prior studies comparing diffusion tensor imaging and R 2Ã measures have not found a significant relation between these two techniques (Péran et al., 2010; Du et al., 2011) , although newer studies point to a relationship between R 2Ã and diffusion metrics when monopolar diffusion gradients are applied (Fujiwara et al., 2014) . In our case the diffusion sequence used monopolar gradients, and therefore some of the free-water changes may be explained by R 2Ã changes. Fujiwara and colleagues (2014) found that increased iron content would decrease mean diffusivity, and thus is also expected to decrease free-water. However, in our data we observe an opposite finding of increased free-water in Parkinson's disease, suggesting that increased iron content is not likely the cause for this change. The free-water parameter is also affected by changes in the T 2 or in the T 1 of the free-water and tissue compartments (Pasternak et al., 2009) . We note, however, that increased water content would similarly affect T 2 and free-water (i.e. both would increase) . Additional separation between the effects caused by increased extracellular space, and changes that affect T 1 , T 2 or the magnetic field inhomogeneity require bipolar diffusion acquisition, and additional multi-echo T 1 and T 2 acquisition sequences. Nonetheless, the current finding between change in bradykinesia and cognitive status and baseline free-water values provides new evidence that non-invasive diffusion MRI may be a progression marker of Parkinson's disease.
The findings from the current study reveal an increase in free-water values evolving over 1 year in a wellcharacterized Parkinson's disease cohort. We present new findings that free-water values of the substantia nigra could potentially provide a marker of progression in Parkinson's disease, and predict clinical bradykinesia and MoCA in the subsequent year of follow-up. Free-water values may provide a window into the degree of substantia nigra integrity and could serve as a marker of substantia nigra degeneration in therapeutic trials aimed at slowing substantia nigra degeneration in Parkinson's disease.
